New durable elastomeric materials are commercially available for 3D printing, enabling a new class of consumer wearable applications. The mechanical response of soft 3D printed lattices can now be tailored for improved safety and comfort by (a) leveraging functional grading and (b) customizing the outer envelope to conform specifically to the anatomy of the subject (e.g. patient, athlete, or consumer). Furthermore, electronics can be unobtrusively integrated into these 3D printed structures to provide feedback relating to athletic performance or physical activity. A proposed sensor system was developed that weaves unjacketed wires at two distinct layers in a lattice to form a complex capacitor; the capacitance increases as the lattice is compressed and can detect lattice deformation. A structure was fabricated and demonstrated with both static compression as well as low-velocity impact to highlight the utility for wearable applications. This work is focused on improving the performance of American football helmets as highlighted by the National Football League (NFL) Helmet Challenge Symposium; however, the lattice sensing concept can be extended to metal and ceramic lattices as well -relevant to the automotive and aerospace industries.
I. INTRODUCTION
Additive Manufacturing has been leveraged to fabricate formand-fit prototypes in arbitrary geometries for decades. The integration of electronic components within these shapes has been pursued since the 1990s providing advances in antennas, biomedical devices, smart wearables, prosthetics, electromechanical devices, and satellites [1] - [12] . In 3D printed electronics, conductors serve as interconnect between embedded electronic components with a variety of methods including micro-dispensing, ink jetting and aerosol jetting of conductive inks [10] , [13] , [14] as well as by the structural embedding of bulk conductors inserted directly into additively-manufactured dielectric substrates [15] , [16] . The integration of these 3D printed structures with electronics have three possible manufacturing strategies: (a) during fabrication with process interruptions, (b) after fabrication The associate editor coordinating the review of this manuscript and approving it for publication was Shaohua Wan .
with the insertion of components into structural cavities, or (c) after the fabrication with components interposed between two printed structures that are subsequently polymer overmolded together. Generally, 3D printed electronics have included process interruptions of the additive manufacturing for both the component placement and interconnect printing. Within the context of additive manufacturing, lattices are the focus of significant research as the structures since they (a) provide a tailored weight-versus-strength balance and (b) can be fabricated to include strut-size variation -gracefully modulating the density and mechanical response from one side to the other within the structure [17] - [21] . Introducing wires into these structures for the embedding of electronics seems to fit into aerospace applications in which light weighting is paramount. Other potential applications include wearable electronics, in which soft and resilient elastomers provide dampening for comfort and safety. In both applications, sensing in these structures provides unprecedented internetof-things data acquisition for structural health monitoring in aircraft or health and activity monitoring for the general public. Vat photopolymerization (VPP) is the original form of additive manufacturing out of the seven processes defined in the ISO/ASTM taxonomy [22] . The technology was commercialized by 3D Systems in the 1980s (and contemporaneously invented in Japan and France). VPP provides intricate features as photocuring is completed with the spatial resolution provided by a laser beam in most cases or by UV projection in others. The surface finish is also outstanding as the original feedstock is a liquid photopolymer in a vat. Although the materials are relegated to photochemistry, the material performance has steadily improved over the last four decades and the diversity of materials now includes durable elastomers with high coefficients of restitution, well suited for energy-return applications to improve athletic performance (e.g. running shoes). By tailoring the mechanical performance of these materials with lattice engineering, the VPP elastomer structures can be further enhanced for human application. Fig. 1 illustrates a sole printed for the New Balance shoe in which the insole was fabricated by Formlabs (Boston, USA). With embedded electronics, stateof-the-art 3D printed shape-to-fit wearables will be imbued with unprecedented programmable functionality.
Using standard vat photopolymerization and thermoplastic extrusion, previous work has demonstrated 3D printed electronics using both printed inks and embedded wires for interconnection [11] , [14] - [16] , [23] - [30] . Ink conductors can suffer from low conductivities as the curing temperature is limited by the max temperature of the polymer substrate; conductive inks have been used to connect components and sensors and provide substantial manufacturing flexibility (e.g. conformally deposited, etc.). This paper focuses on the second approach which includes weaving a pair of wires in adjacent unit-cell layers through an elastomer lattice in order to serve as a complex capacitor. The structure demonstrates the concept regardless of the method of conductor insertion. The capacitor was measured with a relatively high sampling rate (250 Hz) and serves as a proxy for the dynamic deformation of the layer that separates the two wires.
II. MATERIALS AND METHODS
This research effort was focused on providing a proof of concept of the combination of high-coefficient-of-restitution elastomer lattices infused with an accurate, high-responserate sensor. The material is a proprietary photocurable polymer targeting a printed commercial shoe and printed by Formlabs. Any printable elastomer could have been used in this experiment, but the Rebound˙material [31] was particularly interesting due to the natural application as insole for a shoe.
A. LATTICE DESIGN WITH EMBEDDED CAPACITIVE SENSOR
Lattices have attracted substantial attention in recent research as additive manufacturing can fabricate these structures more easily than traditional methods. Modulating the density of the structures by varying strut or beam size throughout the lattice has been achievable by the combination of AM and advances in CAD software, both of which have dramatically improved particularly for generating complex geometries. Many lattice unit cells have been explored for optimizing stiffness or compression performance while minimizing the overall weight of the structure [19] , [32] - [37] and the exploration has included functionally-graded lattices that can modulate the effective density for tailoring the mechanical and electromagnetic response [34] , [37] - [40] . In this study, a simple uniform hexagonal lattice was used (50 mm × 50 mm × 24 mm to replicate an internal pad within a typical American football helmet). Figure 2 shows the lattice that was designed -primarily for the subjective sense of comfort for human contact in the context of the Rebound˙material. Furthermore, the hexagonal unit cell provided a self-aligning collection point for the wires. An intentional design feature, triangular notches are in the voids of each cell, and the wires naturally settled at the midpoint of the cell when pulled tight. By placing wires at two levels -both precisely in the middle of each layer -the pair of wires were separated by the consistent height of a single cell, midpoint to midpoint (7.5 mm). Furthermore, the lattice had a large see-through void to facilitate the ease of weaving wires at either layer. Only one type of lattice was considered as the interest focused on the response of the capacitance sensor rather than on the mechanical performance of the lattice configuration. Further research is being performed on different lattice arrangements to test their dynamic performance. To form a woven capacitor within the lattice (Fig. 3 ), the configuration of both wires through the lattice must be identical in the X-Y plane to accumulate as much ''sensing'' capacitance as possible. In this case, changes in the sensor capacitance directly translate into deformation. The capacitance of the wires outside of the lattice is extraneous and dilutes the measurements and decreases the sensitivity. The actual wire route can enable the monitoring of the deformation in arbitrary sections of the lattice including specific cells, quadrants, rows, columns and even the average deformation of the entire layer (see fig. 4 ). Moreover, the capacitors can be placed on horizontal planes as shown in this study, but also, in vertical planes as well -and any combination of the two to provide diagonal deformation measurement. The only recommendation is that the spacing distance between the wires be maintained as the pair of wires travel through the lattice, otherwise, the regions with closer sections will contribute more to the sensor capacitance, and therefore, exert an increased influence on the measured value.
B. INEXPENSIVE AND EMBEDDABLE CAPACITANCE MEASUREMENT
The capacitance that forms between the pair of wires is proportional to the length of the routes and inversely proportional to the height of the unit cell that separates the wires. Fig. 5 shows the cross section of the two wires that form a capacitance which increases with accumulation of the length of the wires. The capacitance is also proportional to the permittivity of the dielectric which in this case is a mixture of the elastomer and air. This project measured the relative capacitance between the wires to serve as a proxy for deformation. By using a relaxation oscillator, the number of oscillations per any 4.0 ms period provided an inverse of the capacitance and a value linearly proportional to the distance between the wires as shown in Fig. 5 and described by equation (1). The 4.0 ms period allowed for a good compromise between displacement resolution and sampling rate. The plate-capacitor assumption is only approximate, as the wire shape used in the study has a comparatively large amount of fringing fields which changes the effective overlap area between the electrodes [41] . One inexpensive approach for embedding the measurement electronics directly into the lattice includes the Texas Instruments MSP430G2553 with fully integrated capacitive sensing -a chip that only requires an additional battery and the two sensor wires. The chip includes an internal relaxation oscillator that is ''slugged'' by increases in the external capacitance which increases as the pair of wires are compressed together. The circuit oscillates fewer times during a precise duration as determined by a periodic interrupt and a counter is used to count the number of oscillations between the periodic timer interrupts. Figure 6 shows the schematic for the basic circuit used; here, the data was transferred with a virtual serial port through a USB cable to a computer for analysis and graphing, but the data acquisition could easily be enhanced with a wireless radio protocol like Bluetooth. Additionally, two LEDs (red and green) were also used to indicate when a binary threshold of compression was detected, and this could be further enhanced by blinking the LED with a frequency proportional to the amount of the single-layer displacement. This indication could be used for identifying an athlete that may be injured during a game or marathon -due to excessive accelerations.
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C. QUASI-STATIC LOADING
Compression tests were conducted on a Universal Instron machine 5500R at a loading rate of 2.0 mm/min at room temperature. Here, the lattice system was placed between two flat fixtures and during the testing the capacitance was captured on a laptop connected to the MSP430 through an emulated serial port using a USB cable. The lattice structure was subjected to consecutive loading and unloading cycles to ensure repeatability in the system.
D. DYNAMIC IMPACT WITH HIGH SPEED VIDEO
Low velocity impact tests were performed on a falling-weight impact tower using a mass of 4.25 kg dropped at four different heights: 50, 100, 200 and 400 mm. The impact tests were recorded at 2000 frames per second providing a temporal resolution of 500 uS using a high-speed video camera (Olympus i-Speed3). The capacitance measurement was performed at 4mS sampling. By synchronizing the data measurements with the high-speed video which showed the physical distance between layers, the sensor accuracy was evaluated. Furthermore, the low-velocity impact provided an assessment of the durability of the lattice with the embedded sensor.
III. RESULTS AND DISCUSSION
Both quasi-static compression and dynamic impact testing were explored to evaluate the accuracy of the capacitive sensing to measure the extent of deformation. The tests were repeated, and it was observed that the lattice shape returned to the original form after the quasi static compression tests. Similarly, when subjecting the part to dynamic testing, the sensor and the lattice immediately returned to the original form.
A. QUASI-STATIC TESTING
The quasi-static testing evaluated sensitivity and accuracy of the sensor. The lattice was compressed at 2.0 mm/min until reaching a compression force of 500 N, which represented a lattice displacement of 12 mm. The value of 500 N was considered based on previous research performed on impact forces experienced on shoes during running [42] . The capacitance measured in this test was used as a proxy for the compression displacement of the measured single cell layer (7.5 mm thick). Figure 7 shows the recorded displacement from the Instron and the capacitance sensor after subjecting the part to a limit of 500N. The figure shows the linear displacement of the Instron machine at rate of 0.033mm/S, which correspond to the loading rate of 2.0 mm/min used during the testing. This displacement is associated to the constant compressive extension applied to the entire lattice structure. The right axis of both figure 7 A and B are linearized functions which translated the measured relaxation oscillator cycles to the extent of deformation. The cycles are inversely proportional to the capacitance which is inversely proportional to the distance between the capacitor plates. Consequently, the cycles can be linearly and directly converted to the magnitude of deformation starting from no deformation (zero load) and ending in the deformation for the maximum load, a distance of 3.5 mm as measured from image analysis. In contrast, the capacitance sensor shows an exponential profile during the testing but is limited to a particular layer only. Here, it was observed that during the initial compression, most of the displacement took place on the top and bottom of the lattice part, with a reduced extension at the center of the structure where the sensor was placed (see Fig. 8 ). As the testing continued, the central part of the lattice was exposed to a larger displacement, resulting in a rapid deformation on the sensor as shown in Fig. 7A . A full load-unload cycle under a loading rate of 2.0 mm/min is shown in Fig. 7B . The figure shows a typical non-linear elastic and viscoelastic behavior accompanied by an energy dissipation profile displayed by the hysteresis loop; characteristics commonly observed on elastomers [43] . Indeed, this type of behavior is known from both electrical and mechanical systems and has been extensively studied on several models [44] - [46] . Included in the figure is the calculated deformation from the capacitance sensor, where it is observed that the system displays a minimal hysteresis, since no mechanical loads were imposed on the wires. To evaluate the variation of the sensor data, a thousand measurements were acquired with zero load and the average measurement from the relaxation oscillator was 1014.72 cycles with a standard deviation of 0.758, which is less than 1% variation in a static state. For repeatability analysis, 10 quasi-static tests were completed at both (a) 2.0 mm per minute and (b) 20.0 mm per minute (shown in fig. 9 ). In both cases, the test was performed until reaching a load of 500 N, followed by an unloading cycle. The box plot shows the relaxation oscillation values (serving as a proxy for capacitance and consequently deformation) for both slow (2.0 mm/min) and fast velocity (20.0 mm/min) and at both the minimum and maximum deformation. For all cases, the values were repeatable to less than 1% and the speed of the load cell had no impact on the measured value. The lattice returned to the original position and the sensor confirmed the elastic behavior.
B. DYNAMIC TESTING
The lattice structure was subjected to a series of impact velocities ranging from 1.0 to 2.8 m/s. Here, the lattice deformation was recorded on a high-speed video camera. From the video, the frame associated with the maximum compression at a given drop height was identified (see fig. 10 ). The wires on the lattice were visible in the video, and therefore the distance between them at their closest points was measured in terms of the number of pixels. For each video, prior to impact, the pixel difference between the visible wires at each layer is measured to provide the uncompressed case. Then, a frame in each video was identified that included the pixel distance was 193 and correlated to the full unit cell height of 7.5 mm -for approximately 38 microns per pixel on the front surface of the lattice given the lattice size and camera position. The capacitance measurement was inversely proportional to the distance between the wires which represents the capacitor plate thickness. For this project, the calculated distance was normalized for the uncompressed case. Figure 11 shows a normalized representation of the deformation from the pixel heights in the videos and the normalized proxy for the capacitance measured between the two woven wires and distinct layers. From the figure, it is observed that both profiles show similar trends. The figure also shows that the sensor is sensitive enough for recording diverse impact energies. Indeed, at an impact energy of 16.6 J, the sensor recorded a deformation two times larger than the recorded at 2.1 J. This clearly highlights the potential applications of this inexpensive sensor to be used on high impact energy conditions as those found on contact sports such as American football.
IV. CONCLUSION
A sensorized elastomer lattice was demonstrated; it was shown that the sensor measures both high-performance mechanical response while exhibiting accurate static measurement of deformation and reasonable low-velocity impact sensing. By combining both the mechanical benefits of lattice structures coupled with embedded intelligence and sensing, new anatomy-specific smart wearables are now achievable. The elastomer material used in this work is durable, and consequently, the resulting structures require sensors and electronics fabricated and integrated in novel manners to survive in harsh environments. By increasing the sampling rate of the data acquisition, the response of the system can be improved; however, the current implementation with 4.0 ms sampling was sufficient for low-velocity applications that might be typically experienced in the soles of shoes while running. Significantly more repeatability analysis is required for applications such as shoes which would require hundreds of thousands of cycles of compression. However, this proof of concept leveraged a peripheral development board (MSP430 Launchpad), and consequently, the connections were not ruggedized. The future work of this research will focus on miniaturization including the integration of a single unpackaged silicon die (microcontroller) as well as a coin cell battery for power. As electronic components generally require rigid substrates, a small stiff 3D printed insert will be populated with electronics and then unobtrusively overmolded into a cavity in the lattice. The system (lattice through a microcontroller) will be tested at higher impact energies, such as those recorded on full contact sports such as an open field tackle in American football, and the full integration of electronics into the lattice to avoid interference with the activity. Data transfer will be enhanced by including wireless communications with a protocol such as Bluetooth or Zigbee. CAROLYN PEDRO CORTES is currently an Associate Professor with the Department of Civil/Environmental and Chemical Engineering program, as well as in the materials science and engineering program with Youngstown State University. He has research interests in the area of 3D printing, including smart and multifunctional materials, composite structures, and metal-ceramic systems. He has published several articles in the area of composite structures and 3D printing. His research work has been funded through the US Department of Transportation, the Department of Defense, NASA, National Science Foundation, and the Ohio Federal Research Network. He has served twice as a Faculty Fellow of the Wright-Patterson Air Force Base.
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